ABSTRACT A screen-printed mercury iodide (HgI 2 ) photoconductor for digital tomosynthesis exhibits considerably reduced signals when subjected to consecutive exposures to X-ray irradiation. This behavior accounts for the trapping of charges generated on previous X-ray shots near the HgI 2 /electrode interface. These trapped charges create the conditions that deter subsequent charges generated by the next X-ray shot from traveling from the photoconductor into the electrode. Such conditions can be improved significantly by switching the bias polarity of the photoconductor with an illuminating light under the image sensor. In addition, the signal-to-noise ratio (SNR) is optimum when the duration of the illuminating light is 1 s longer than the applied time of the positive bias. Increases in the bias switching/lighting combination time for obtaining the best SNR are required with increasing amounts of incident X-ray exposure. Such results obtained from making adjustments in the technique for using screen-printed HgI 2 photoconductors for digital tomosynthesis indicate promising results for improving the diagnostic accuracy of this digital imaging method for breast cancer screening while mitigating patients' X-ray exposure.
I. INTRODUCTION
The appearance of digital X-ray image sensors and their replacement of traditional photographic film brought significant changes to various fields of medical X-ray imaging such as radiography, mammography, fluoroscopy, and angiography [1] - [3] . These digital sensors offer the advantages of immediate image acquisition, high image quality, elimination of costly film processing steps, and easy storage of images [4] - [6] . In the years since the development of these sensors, numerous studies have researched options for achieving enhanced performance. Detective quantum efficiency (DQE), the most important parameter for evaluating the performance of medical X-ray image sensors, is expressed by [6] 
DQE =
SNR OUT 
SNR IN ,
where SNR OUT is the signal-to-noise ratio of pixel signals in the image sensor and SNR IN is the signal-to-noise ratio of incident X-ray photons following a Poisson distribution [7] , [8] . In other words, DQE can be improved as SNR OUT is increased. The SNR OUT is defined, in general, as the ratio of the mean value S to the standard deviation σ of the pixel-signal values across the image sensor [9] . Thus,
From this point onward in this letter, SNR is taken to represent SNR OUT . SNR is influenced mainly by X-ray sensitivity and the electrical noise of the X-ray-photoconductive material in the image sensor. An amorphous selenium photoconductor was developed commercially for the direct conversion X-ray image sensor and then various types of photoconductors were intensively researched [10] - [13] .
Digital tomosynthesis, which can provide increasingly precise images of breast cancer tumors by taking multiple X-ray images at various angles, requires photoconductors with stable and high SNR values under continuous X-ray exposure because of the increased exposure of patients to the injected X-rays [14] . The most promising candidate for such photoconductors is mercury iodide (HgI 2 ) because its X-ray conversion properties, such as mobility, carrier lifetime and electron-hole pair creation energy, are relatively superior to other materials as well as selenium and can be fabricated inexpensively by screen-printing processes [15] . Few studies, however, have researched the dynamic SNR characteristics of screen-printed HgI 2 photoconductors under sequential X-ray exposure. In this paper, we study the degradation mechanism of signals and approaches for improving the dynamic SNR properties of screen-printed HgI 2 photoconductors.
II. EXPERIMENT AND DISCUSSION
Figure 1(a) shows the pixel circuit of an X-ray image sensor. This sensor comprises two major sections: the HgI 2 photoconductor that converts X-rays into electrical charges and the electrical circuitry that transfers the charges to an external charge amplifier. The electrical circuit consists of a storage capacitor that stores charges generated in the photoconductor and an amorphous silicon (a-Si) thin-film transistor (TFT) that transfers charges in the storage capacitor to the external amplifier [16] . Figure 1(b) shows the top view of an optical microscope image of a pixel. The pixel size is 78 µm × 78 µm with a fill factor of 85%; the capacitance of the storage capacitor is 0.58 pF.
The inset of Fig. 1 (b) also shows an indium tin oxide (ITO) layer used as the bottom electrode of an X-ray image sensor. Figure 1 (c) shows the cross-sectional scanning electron microscope (SEM) image of a fabricated X-ray image sensor. A 150-µm-thick HgI 2 photoconductor was coated by screen printing on the ITO bottom electrode of a TFT glass substrate. HgI 2 appears here as polycrystalline particles embedded in the polymer binder matrix. The HgI 2 particles were mixed with a polyvinyl butyral organic binder and butyl cellosolve solvent and then evenly dispersed in the binder by three-roll milling process. Finally, a molybdenum thin film as a top electrode was sputtered, and parylene as a passivation layer was deposited by a thermal evaporator. The X-ray image was taken at an energy of 28 keV, with exposures of 0.2, 0.4, 0.8 mGy, and the distance between the source and image sensor was 60 cm.
Figure 2(a) shows a timing diagram for the operation of the sensor depicted in Fig. 2(b) . In this scheme, "Idle" refers to the step in which the filament in the X-ray tube is preheated for electron emission. "Precharge" is the operating step in which the storage capacitor is precharged to the reference voltage V REF of the charge amplifier through the TFT, and then the TFT is turned off. "X-ray radiation" is the step in which electrons generated in the photoconductor are stored in the storage capacitor as the X-ray is irradiated. In the "Scan" step, the electron signal charges in the storage capacitor are transferred to the amplifier in the external control board as the TFT is turned on. Figure 2(b) shows the photocurrent, dark current and signal variation according to the number of consecutive X-ray irradiations when the top electrode of the photoconductor has applied to it a voltage of -70 V at all steps of the operation. The signal in here is value subtracted dark current from photocurrent. The signal shows the same behavior as the photocurrent because there was no change in the dark current in terms of consecutive X-ray shot. The signal sharply decreased in the early stage and then slowly decreased as more X-rays accumulated. This degradation is caused by traps in the photoconductor. The electron-hole pairs generated by incident X-rays drift towards the bottom electrode for electrons and the top electrode for holes under the influence of a negative bias applied to the top electrode. Most of the electrons contribute to signal S of the SNR exiting the photoconductor, but others are trapped at trap sites on the HgI 2 /binder and HgI 2 /ITO interfaces. Because these trap charges generate negative internal fields near the interface, the electrons of the next irradiation experience difficulty in moving to the bottom electrode. Thus, as the accumulating X-ray dose causes more electrons to be trapped, the signal gradually decreases. Discovering the input energy required to eliminate these trap charges requires examining the activation energy of 1.02 eV, measured from the Arrhenius plot shown in Fig. 2(c) [17] . Thus,
where D is the dark current and E is the activation energy. The introduction of light/bias switch-combined techniques enabled the effective removal of electrons trapped during the prior exposure. The voltage applied to the top electrode of the photoconductor was switched from negative to positive in coordination with illuminating a light-emitting diode (LED) under the TFT glass substrate only at the precharge step, as shown in Fig. 3(a) . The exponentially sharp decrease in signal strength with increasing exposure counts, as shown in Fig. 2(b) , disappeared-surprisingly-as shown in Fig. 3(b) . This change in behavior offers an explanation for why the trapped electrons were easily excited by the photon energy of the LED and then either swept away from the trap sites on the bottom interface and onto the top electrode or removed to recombine with hole by means of the positive bias of the top electrode. The slow decrease exhibited by the signal until the number of exposures reached 100 was caused by residual traps of the HgI 2 /binder interface situated deep within the photoconductor where LED illumination could not penetrate. There was no effect according to the intensity of LED. The standard deviation also decreased considerably and remained almost constant as the accumulated exposure to X-ray increased. Thus, this paper's research shows no significant effects attributable to the intensity of the LED. Various combinations of light and bias switch times were tested to enhance the SNR further. Figure 4(a) shows .62, and 14.53, respectively. The bias time was 1 s shorter than the illumination time under all measurement conditions. The best illumination time increased with increasing doses of incident X-rays. These results illustrate both that trapped electrons increase together with increasing amounts of incident X-ray exposure and that more time is needed to remove these trapped electrons.
III. CONCLUSION
In conclusion, digital tomosynthesis recently has undergone developments intended to enhance the accuracy of images used to diagnose breast cancer. The utility of this advanced imaging technique depends on minimizing the decline in image quality of consecutive X-ray shots. The dynamic properties of screen-printed HgI 2 photoconductors were researched to pursue better techniques to minimize that decline in image quality. This photoconductive material, when subjected to continuous X-ray exposure, showed a 25% reduction in electrical signals in comparison to its initial value. After applying the bias/light-combined technique, a signal variation showing only a 5% reduction represented a discernable improvement in performance. In summary, we 402 VOLUME 5, NO. 5, SEPTEMBER 2017
note that electrons are trapped near the HgI 2 /ITO interface during the radiation step and that an internal negative field occurs there. The presence of this field hinders the movement of electrons generated at the next radiation step from the photoconductor into the bottom electrode. Thus, the electrical signal of the image sensor continuously decreases. This degradation was effectively reduced, however, by the bias/light-combined operation technique. Our results also showed that the best SNR condition occurred, in most cases, when the light time was 1 s longer than the positive biasswitching time. As the number of X-ray photons injected into the photoconductor rises, the optimal bias/light combination time also increases. The results of this study indicate that making adjustments in the technique for employing screen-printed HgI 2 photoconductors in the practice of digital tomosynthesis show encouraging results that point to practical ways to heighten the diagnostic accuracy of this digital imaging method for conducting breast cancer screening in ways that achieve attainable goals for minimizing patients' exposure to irradiation through diagnostic X-rays.
